Objectives: Increasing evidence suggests that left ventricular remodeling is associated with a shift from fatty acid to glucose metabolism for energy production. The aim of this study was to determine whether left ventricular remodeling with and without late-onset heart failure after myocardial infarction is associated with regional changes in the expression of regulatory proteins of glucose or fatty acid metabolism. Methods: Myocardial infarction was induced in rats by ligation of the left anterior descending coronary artery (LAD). In infarcted and sham-operated hearts the peri-infarction region (5-mm zone surrounding the region at risk), the interventricular septum and the right ventricular free wall were separated for analysis. Results: At 8 and 20 weeks after LAD ligation, the peri-infarction region and the septum exhibited marked re-expression of atrial natriuretic factor [1252637 and 110936279%, respectively, in the septum (P,0.05)] and of a-smooth muscle actin [134610 and 143614%, respectively, in the septum (P,0.05)]. At 8 weeks, when left ventricular hypertrophy was present without signs of heart failure, myocardial mRNA expression of glucose transporters (GLUT-1 and GLUT-4) was not altered, whereas mRNA expression of medium-chain acyl-CoA dehydrogenase (MCAD) was significantly reduced in the peri-infarction region (22567%; P,0.05). In hearts exhibiting heart failure 20 weeks after infarct-induction there was a change in all three ventricular regions of both mRNA and protein content of GLUT-1 [172628 and 1121615%, respectively, in the peri-infarction region (P,0.05)] and MCAD [22969 and 25664%, respectively, in the peri-infarction region (P,0.05)]. Conclusion: In rats with large myocardial infarction, progression from compensated remodeling to overt heart failure is associated with upregulation of GLUT-1 and downregulation of MCAD in both the peri-infarction region and the septum.
Introduction
ated with an increase of both glycolysis and glucose oxidation and a decrease of fatty acid oxidation. Recent Shortly after birth, the substrate pattern of energy evidence suggests that metabolic changes are associated metabolism changes from glucose to fatty acids, which is with altered expression of the regulatory proteins of the primary source of adenosine triphosphate production in metabolism, compatible with regression to a fetal expresadult myocardium [1] . This postnatal change in substrate sion pattern of genes of metabolic regulation, similar to use is associated with upregulation of several regulatory observations concerning other genes [10] . For example, in proteins involved in glucose or fatty acid metabolism rats with spontaneous hypertension, myocardial mRNA [2] [3] [4] . content of the 'adult' isoform of glucose transporters, A number of studies indicate that left ventricular re-GLUT-4 and of the medium-chain acyl-CoA dehydromodeling in response to pressure overload [5] [6] [7] , volume genase (MCAD) are decreased [11, 12] . MCAD is a key overload [8] or large myocardial infarction [9] is associenzyme involved in b-oxidation of medium-chain fatty acids (C -C ). Since medium-chain fatty acids originate of long-chain and very long-chain fatty acids, the enzyme For isolation of RNA and proteins, rats were reanesthetis also involved in the control of oxidation of long-chain ized with sodium pentobarbital (60 mg / kg, i.p.; Nembutal, and very long-chain fatty acids.
Abbott Laboratories, Chicago, IL, USA) 24 h, 8 weeks or Myocardial infarction is a frequent cause of left ven-20 weeks after surgery and weighed. Heart failure was tricular remodeling and failure. However, the cellular and identified by the criteria of Feldman et al. [14] . Rats molecular features of postinfarction remodeling may subexhibiting the following five criteria were considered to stantially differ from pure pressure or volume overloadpresent heart failure: lethargy, pericardial effusion, pleural induced hypertrophy by factors including inhomogenous effusion, ascites and left atrial dilation. The time-points for distribution of both myocardial wall stress and hypermeasurement of gene expression were selected based on trophy. In previous work, we showed in a rat model of observations of a previous study [9] and pilot experiments chronic myocardial infarction that increased glucose oxidaindicating that signs of heart failure were absent after 8 tion was associated with reduced expression of MCAD in weeks, but present in approximately 50% of the rats after left ventricular myocardium 8 weeks after infarct induction 20 weeks. Later than 20 weeks, mortality of rats with [9] . However, both the expression pattern of regulatory infarction increased substantially. genes of metabolism and the regional distribution of After sacrifice, the heart was quickly removed. The observed changes are likely to evolve during progressive infarcted zone, a 5-mm broad region surrounding infarccavity dilatation [13] . The precise knowledges of the tion (peri-infarction region), the interventricular septum regional gene alterations could have clinical implications. and the right ventricular free wall, as well as the left atrium Therefore, this rat model of chronic myocardial infarction were carefully separated, weighed and frozen. After 24 h, was studied for 20 weeks in order to assess (1) regional the infarcted area was identified on the basis of the pale differences in the expression of regulatory proteins of color of the nonperfused region compared to the surroundmetabolism and (2) the changes occurring during transition ing myocardium. from compensated remodeling to overt heart failure.
In this study, we observed that the alteration of expres-2.3. Preparation of RNA and Northern blot analysis sion of metabolic genes was different among both the regions of the infarcted hearts and the time-points after Total RNA isolation and Northern blot analysis were infarct induction. Furthermore, the mRNA and protein performed using standard protocols [15] . The densitometalterations of the metabolic genes studied were enhanced ric value for each mRNA of interest was normalised for by the presence of heart failure compared to the alterations loading with the 18S rRNA signal. observed in compensated hypertrophy. Finally, our results
Plasmids containing a full-length insert encoding the rat suggest that GLUT-1 expression may provide a molecular GLUT-1 and GLUT-4 proteins were generous gifts from marker for the development of heart failure.
Dr. B. Thorens (University of Lausanne, Switzerland). The cDNA encoding for the a-smooth muscle actin (a-SMA) was purchased from ATCC (Rockville, MA, USA). cDNA 2. Methods probes encoding for the following proteins were kindly provided by other research groups: 18S by Dr. R.
Experimental myocardial infarction
Zimmermann (Max-Planck-Institute, Bad Nauheim, Germany), atrial natriuretic factor (ANF) by Dr. 
. Experimental groups
For immunoblot analysis of GLUT-1 and GLUT-4, total Rats were fasted 24 h prior to sacrifice for excision of myocardial membranes were prepared according to Garvey the heart for extraction of RNA and proteins. et al. [16] . Detection of GLUT-1 and GLUT-4 proteins were performed as described previously [15] . For the cantly increased by 21% (P,0.05). In addition, the left determinations of MCAD, LCAD and VLCAD total celatrium to body weight ratio (LA / BW) was increased by lular proteins were isolated and analyzed by immuno-150% (P,0.01). blotting using a standard protocol [17] . Blots detected by Twenty weeks after surgery, six of sixteen rats (38%) chemiluminescence (ECL, Amersham) were exposed to with infarction exhibited all five criteria of heart failure, films. Quantitative analysis of bands on films was done by whereas the remaining ten animals exhibited less than laser densitometry (Imagequant 3.3, Molecular Dynamics).
three criteria. A polyclonal antibody directed against the 12-aminoThe HW/ BW and LA / BW ratios (Table 1) were higher acid carboxy-terminal sequence of rat brain GLUT-1 and a in rats with heart failure than in rats without heart failure monoclonal 1F8 antibody directed against a GLUT-4 (124% and 177%, respectively; P,0.05 for both comepitope were purchased from Biogenesis (UK). Polyclonal parisons) and than in sham-operated rats (131% and rat antibodies against VLCAD, LCAD and MCAD were 1127%, respectively; P,0.05 for both comparisons). kindly provided by Dr. A.W. Strauss (Washington UniFurthermore, the ratio right ventricular free wall to body versity School of Medicine). Peroxidase-labeled polyclonal weight was significantly higher in rats with heart failure anti-rabbit and anti-mouse antibodies were purchased from than in rats with infarction, but without heart failure Sigma.
( significantly, increased in the right ventricular free wall (212627%) compared to sham-operated rats (P,0.05).
General characteristics of animals and hearts
ANF expression in the left ventricular free wall and in the septum was further increased by 20 weeks in rats without Rats with infarction sacrificed after 24 h or 8 weeks and, to a larger extent, in rats with heart failure. At this exhibited less than three criteria of heart failure [14] .
time-point, ANF mRNA expression was increased in the Twenty-four hours after infarct-induction, the heart weight right ventricular free wall only in rats with heart failure to body weight (HW/ BW) ratio was comparable between (4926160%; P,0.05) (Fig. 1) . mRNA expression of asham-operated rats and rats with infarction (Table 1) .
SMA was increased 24 h after LAD ligation in the periHowever, 8 weeks after surgery, HW/ BW was signifiinfarction region (152613%; P,0.05) compared to the corresponding mean value of sham-operated rats (Fig. 1) . 230640% (P50.001) in the septum compared with the Subsequently, a-SMA mRNA expression was also incorresponding values measured in sham-operated rats creased in the interventricular septum (8 and 20 weeks) (100611 and 100610%, respectively). In rats with heart and, after 20 weeks in the right ventricular free wall of rats failure, GLUT-4 mRNA was reduced in the peri-infarction with heart failure (137610%; P,0.05) compared to shamregion to 7064% (P50.03) and in the right ventricular operated rats (Fig. 1) .
free wall to 5563% (P,0.01) compared to sham-operated rats, whereas no significant change of GLUT-4 mRNA was 3.3. Regional expression of GLUT-1 and GLUT-4 observed in rats without heart failure ( Fig. 2) . Protein levels of GLUT-1 were increased 24 h after At 24 h after LAD ligation, GLUT-1 mRNA was surgery to 16269% in the peri-infarction region of infarincreased in both the peri-infarction region (171618%; cted hearts compared with 100612% in sham-operated P50.01) and the septum (178618%; P50.004) compared hearts (P,0.05) but did not differ any more significantly to the corresponding values measured in sham-operated between infarcted and sham-operated hearts 8 weeks after rats (Fig. 2) . GLUT-4 mRNA tended to be lower in both surgery (9363 and 10067%; P5NS, respectively). Proregions (72612 and 9069%, respectively) compared to tein levels of GLUT-4 were slightly decreased 24 h after sham-operated rats, although statistical significance was surgery to 8268% in the peri-infarction region of infarcted achieved only for the peri-infarction region (Fig. 2) .
hearts compared with sham-operated hearts (10069%; P5 mRNA expression of GLUT-1 and GLUT-4 had returned NS) and were comparable in infarcted and sham-operated towards baseline 8 weeks after infarction. At 20 weeks hearts 8 weeks after surgery (11064 and 10066%, after infarct-induction, myocardial GLUT-1 mRNA conrespectively; P5NS). tent was increased again in both regions. The increase was Twenty weeks after infarction, myocardial GLUT-1 much more pronounced in failing hearts averaging protein content was more than doubled in both the peri-172628% (P50.001) in the peri-infarction region and infarction region (221625%; P50.008) and in the septum (212611%; P50.002) of rats with heart failure (Fig. 3) . region of infarcted rats compared to sham-operated rats GLUT-4 protein content was decreased to 7169% (P5 (10068 and 100611%, respectively). 0.03) in the peri-infarction region but not changed in the In contrast to markers of hypertrophy (ANF, a-SMA), septum (9064%; P5NS) of rats with heart failure comno changes in mRNA and protein levels were observed for pared to sham-operated rats (Fig. 3) . In contrast to regulatory proteins of fatty acid metabolism in the septum infarcted hearts with heart failure, no significant change of and the right ventricular free wall 24 h and 8 weeks after GLUT-1 and GLUT-4 protein content was observed in the surgery (data not shown). peri-infarction region and the septum of infarcted hearts Twenty weeks after coronary ligation, the expression without heart failure. No change in GLUT-1 or GLUT-4 pattern of regulatory proteins of fatty acid metabolism protein content was observed in the right ventricular free differed markedly between hearts with and without heart wall of rats with or without infarction.
failure. In rats without heart failure, there were comparatively modest changes in mRNA contents which were statistically not significant (Table 2 ). mRNA and protein 3.4. Regional expression of genes encoding for content of MCAD were reduced to 8465% (P5NS) and regulatory proteins of fatty acid metabolism 6867% (P,0.05) compared to sham-operated rats in the peri-infarction region ( Table 2 , Fig. 4 ). Conversely, no At 24 h and 8 weeks after induction of infarction, change was observed for mRNA expression of H-FABP, myocardial mRNA expression of H-FABP and MCAD was CPT-1 , LCAD and VLCAD (Table 2) .
M significantly reduced in the peri-infarction region (Table  In rats with heart failure, myocardial mRNA and protein 2). Mean protein level of MCAD was reduced, but contents of MCAD were markedly decreased not only in statistically not different, after 24 h (21963%; P50.2) the peri-infarction region but also in the septum and in the and 8 weeks (23067%; P50.1) in the peri-infarction right ventricular free wall ( Myocardial hypertrophy in response to hemodynamic myocardium to a variable extent (Fig. 5) . Reduction of overload of adult hearts is associated with a shift from protein content of LCAD and VLCAD was statistically not fatty acid to glucose metabolism [5] [6] [7] [8] [9] and altered expressignificant (9464%; P5NS and 9968%; P5NS, respecsion of regulatory proteins of energy metabolism [9, 11, 12] . tively, in the interventricular septum). The content of
The present study demonstrates that during postinfarction mRNA encoding for H-FABP was reduced in all regions, remodeling of the left ventricle, the expression of several that of CPT-1 in the septum and the right ventricular free developmentally regulated proteins involved in the control M wall (Fig. 5) . of glucose and fatty acid metabolism regresses to a 'fetal' type, favoring glucose metabolism. However, there exist contrast to compensated left ventricular remodeling, in the pronounced differences in the time-course and regional present study, GLUT-1 mRNA and protein were approxidistribution of observed changes in gene expression, which mately doubled in the entire left ventricular myocardium of are influenced by the presence of heart failure.
rats exhibiting clinical signs of heart failure after 20 weeks. In the present study the temporal and spatial hetero-
The observed increase of GLUT-1 expression in the geneity of the expression of regulatory proteins of metaboentire left ventricular myocardium early after coronary lism was studied in rats with large myocardial infarction occlusion and after the occurrence of late onset heart comprising approximately 35% of the left ventricle [9] . failure suggests a relationship to the overall increase of Surviving myocardium exhibited hypertrophy based on wall stress and / or stress-related activation of humoral unaltered or increased HW/ BW, despite the presence of a systems. The signaling pathway leading to enhancement of large scar, and increased expression of ANF in the entire GLUT-1 is presently unknown. GLUT-1 expression was left ventricular myocardium. The observation period, in increased in response to angiotensin II in vascular smooth contrast to most published studies using this model, was muscle cells [20] and to tumor necrosis factor a in L6 extended to 20 weeks in order to examine changes in gene myotubes [21] . Preliminary results from our laboratory expression occurring during progression to heart failure, indicate that infusion of angiotensin II in rats in vivo which developed between the 8th and 20th week in 38% of markedly enhances expression of GLUT-1 [22] . Prothe rats with infarction. HW/ BW after 20 weeks was nounced activation of the circulating renin-angiotensin higher in failing hearts than in non failing hearts, which, at system occurs at the onset of overt heart failure [23]. least in part, is attributable to the increased weight of the Similarly to GLUT-1, expression of GLUT-4 mRNA right ventricular free wall. Increased weight and induction was not significantly modified during compensated reof ANF expression in the right ventricular wall of failing modeling 8 weeks and 20 weeks after coronary ligation, hearts is most likely the reflection of pulmonary hypertenbut was reduced early after infarct-induction and in failing sion. The lower HW/ BW and LA / BW, as well as the left ventricles after 20 weeks. However, in contrast to the absence of increased ANF mRNA in the right ventricular changes of GLUT-1, the reduction of GLUT-4 mRNA and free wall, in the subgroup of rats without heart failure after protein was limited to the peri-infarction region. Although 20 weeks, compared with rats examined 8 weeks after GLUT-1 and GLUT-4 often change concomitantly, but in infarction, indirectly suggests that heart failure more the opposite direction, e.g. during postnatal development frequently developed in rats with more pronounced left [2] , hypoxia [24] and ischemia-reperfusion [15] , the data ventricular hypertrophy, higher left atrial pressure and of this study suggest that signaling pathways mediating right ventricular hypertrophy at 8 weeks. However, upon altered expression differ for the two glucose transporter retrospective inspection of data, no relationship between isoforms. HW/ BW and alteration of gene expression was apparent Sack et al. [12] have observed that the MCAD mRNA after 8 weeks, which might have allowed identification of a content was reduced in hypertrophied left ventricular subgroup of rats prone to develop heart failure. myocardium in spontaneously hypertensive rats. InterestThe myocardium expresses two isoforms of glucose ingly, the MCAD protein content was reduced only after transporters, GLUT-1 and GLUT-4 [2] . The insulin-depenthe onset of overt heart failure [12] . The present study dent isoform GLUT-4 predominates in adult myocardium, indicates that myocardial MCAD expression also decreases whereas the less insulin-sensitive isoform GLUT-1 preduring postinfarction remodeling. However, reduced dominates during prenatal life. GLUT-1 accounts for only MCAD expression during postinfarction remodeling, withapproximately 20% of glucose transporters in adult out heart failure, differed from that observed during myocardium [18] . In the present study, GLUT-1 mRNA pressure overload in at least two respects. First, mRNA expression was significantly increased in the entire left expression of MCAD was reduced only in the peri-infarcventricular myocardium 24 h after coronary ligation. This tion region without a significant change in the other observation corroborates the observation by Brosius et al.
regions participating in the hypertrophic response. Second, [19] , of an increase of GLUT-1, mRNA and protein in MCAD protein content was concomitantly reduced in this remote myocardium as early as 6 h after coronary occluregion even before the manifestation of overt heart failure. sion in dogs. However, increased GLUT-1 expression early However, reduction of mRNA and protein expression of after coronary occlusion seems to be transient, because we MCAD was detectable throughout the entire left ventricuobserved no significant difference between sham-operated lar myocardium and in the right ventricular free wall in and infarcted hearts after 8 weeks, when ANF was still rats with overt heart failure. increased. This suggests that increased GLUT-1 is neither
The signaling pathway inhibiting MCAD expression a marker of hypertrophy nor responsible for increased during postinfarction remodeling remains to be clarified. glucose metabolism in hypertrophied myocardium. ConLeone et al. [25] have identified a nuclear receptor sistent with this interpretation, Paternostro et al. [11] did response element-1 (NRRE-1) in the promoter region of not observe an increase of GLUT-1 mRNA in hyper-MCAD which activates transcription by binding a number trophied hearts from spontaneously hypertensive rats. In of transcription factors, including peroxisome proliferator- activated receptor a (PPARa). Recently Barger et al. [26] advanced hemodynamic impairment, which is generally have provided evidence for inactivation of PPARa by associated with cardiac decompensation, was also indiphosphorylation-mediated by activation of the mitogencated by the higher left atrial weight, the presence of right activated protein kinases (MAPK) of the extracellular ventricular hypertrophy and the increased expression of signal-regulated kinase family (ERK1 / 2) during myocar-ANF in the right ventricular wall in the heart failure group. dial hypertrophic growth. Because ERK1 / 2 are activated Second, the present study does not allow conclusions to be by mechanical stretch [27] it is conceivable that ERK1 / 2 drawn on the metabolic consequences of observed modiactivation, occurring initially in the peri-infarction region fications of gene expression. In particular, the results are and spreading through the entire myocardium after denot suitable to explain observations suggesting a shift from compensation, may contribute to reduced MCAD expresfatty acid to glucose oxidation in nonfailing hearts undersion. At the level of transcription, Sack et al. [28] have going remodeling in response to infarction [9] or other observed increased Sp1 content in hypertrophied myocarconditions associated with myocardial overload [5] [6] [7] [8] . dium which may interfere with binding of PPARa to the Although the MCAD protein content was reduced by 30% NRRE-1. after 8 weeks, the reduction did not achieve statistical Because, in addition to MCAD, activation of PPARa not significance, in contrast to an earlier study from our only increases expression of MCAD but of a number of laboratory using a similar protocol [9] . Kantor et al. [36] 
